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© Laser beam homogenizes 



© A coherent laser beam (12) having a possibly non-uniform spatiaJ intensity distribution is transformed into an 
incoherent light beam having a substantially uniform spatial intensfty distribution by homogenizing the laser 
beam with a light tunnel (22) (a transparent light passageway having flat internally reflective side surfaces). 

When the cross-section of the tunnel is a polygon (as preferred) and the sides of the tunnel are all parallel to 
the axis of the tunnel (as preferred), the laser light at the exit of the light tunnel (or alternatively at any Image 
^ plane with respect thereto) will have a substantially uniform intensity distribution and will be incoherent only 
when the aspect ratio R of the tunnel (length divided by width) equals or exceeds the cotangent of the input 
beam divergence angle fl and when 

CO 

^Wrtn = Uoh(R + (1 + R*) 1 *) > 2RL 00hf 

O 

£j where is the minimum required width for the light tunnel, and Is the effective coherence length of the 
laser light being homogenized. 
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© Laser beam homogenizer. 



© A coherent laser beam (12) having a possibly non-uniform spatial intensity distribution Is transformed Into an 
incoherent fight beam having a substantially uniform spatial intensfty distribution by homogenizing the laser 
beam with a light tunnel (22) (a transparent light passageway having flat internally reflective side surfaces). 

When the cross-section of the tunnel is a polygon (as preferred) and the sides of the tunnel are ail parallel to 

^the axis of the tunnel (as preferred), the laser light at the exit of the light tunnel (or alternatively at any image 

^ plane with respect thereto) will have a substantially uniform intensity distribution and will be incoherent only 
when the aspect ratio R of the tunnel (length divided by width) equals or exceeds the cotangent of the input 

^beam divergence angle e and when 

CO 

o W mln « Lcoh(R + (1 + Ry*) > 2RL CO | 1f 

£J where W mln is the minimum required width for the light tunnel, and is the effective coherence length of the 
laser light being homogenized. 
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LASER BEAM HOMOGENIZES 



This invention relates to an apparatus for illuminating a plane with laser light that has been made more 
uniform and/or incoherent 

In the fabrication of microcircuits. a light sensitive resist layer is typically exposed to a pattern of light 
formed by illuminating a patterned mask. The light sensitive layer is then developed to form a relief pattern 
6 corresponding to the mask pattern. The minimum size of the mask features which can be faithfully 
reproduced in the developed resist layer is directly related to the wavelength of the light used to illuminate 
the mask. Since It Is desirable to be abfe to reproduce features as small as possible, the wavelength of the 
illumination being used has been constantly decreasing from the visible light region through the near 
ultraviolet range and into the deep ultraviolet range. 
10 In order for an illumination system to be practical for such purposes, however, the spatial pattern of 
illumination intensity it provides at the mask plane must be substantially uniform. This uniform intensity also 
should be as high as possible so that an exposure can be made in as short a time as possible. In the deep 
ultraviolet range these two goals are not easily met simultaneously. The most intense deep ultraviolet light 
sources are excimer lasers, but the . spatial tight Intensity from such sources is not sufficiently uniform. 

is Furthermore, conventional methods for making the light from a non-uniform source more uniform tend to fail 
when applied to coherent laser light because coherent light tends to produce Interference patterns of 
spatially varying light Intensity. 

One prior art approach to this problem has been' to effectively move the light source during the" 
exposure so as to smear or average the intensity pattern of the illumination. Another prior art technique for 

20 making illumination more uniform is to use an array of optical fibers to mix the spatial intensity pattern. 
However, these techniques are expensive to implement; much of the available* light Is lost during the mixing 
process; and the resulting illumination uniformity is not as good as is desired. 

It is the object of this invention to provide an apparatus for illumination with laser light, which is spatially 
uniform In intensity and free of interference patterns. 

25 This object is achieved by the invention described In claim 1; embodiments of the invention are 
described in the dependent claims. 

These and further objects have been achieved by the present invention in which a coherent laser beam 
having a possibly non-uniform spatial intensity distribution is transformed Into an incoherent light beam 
having a substantially uniform spatial intensity distribution by homogenizing the laser beam with a light 

so tunnel (a transparent light passageway having flat internally reflective side surfaces). 

If the laser beam does not significantly diverge (i.e., increase in cross-section as ft propagates), It Is first 
focussed (or defocussed) to produce a diverging input laser beam. The diverging laser beam Is then passed 
through a light tunnel, the reflective sides of the light tunnel forming an anray of apparent laser light sources, 
the light from which is superposed by the light tunnel at the exit thereof. An array of apparent light sources 

35 will be formed by the reflective sides of the light tunnel only when the light tunnel has a sufficiently high 
aspect ratio (length divided by width), the minimum acceptable aspect ratio for the light tunnel being 
critically dependent upon the beam divergence angle of the input laser beam. The greater the beam 
divergence angle of the Input beam, the lower the aspect ratio of the light tunnel may be. 

Heretofore, It was generally believed that light interference effects which occur when coherent laser light 

40 is reflected and superposed upon itself by a light tunnel would inevitably result in an output beam which Is 
spatially non-uniform In intensity. 

It has been surprisingly found, however, that when a laser beam is passed through a light tunnel and 
the light tunnel not only has an aspect ratio which Is large enough to create an array of apparent light 
sources superposed at the exit, but ajso has a width which Is sufficiently lame, the laser light at the exit of 

45 the light tunnel (or alternatively at any Image plane with respect thereto) will have a substantially uniform 
intensity distribution and will be incoherent! This happens whenever the path lengths for the individual light 
rays from each of the apparent sources to each of the points at the illumination plane where Intensity 
uniformity is desired are sufficiently different (I.e., equal to or greater than the effective coherence length of 
the light). 

so The minimum acceptable width for the Dght tunnel critically depends.upon both the chosen aspect ratio 
for the light tunnel (the lower the aspect ratio, the lower the minimum acceptable width) and the coherence 
length of the laser fight effectively seen by the fight tunnel (the lower the effective coherence length, the 
lower the minimum acceptable width). While there Is considerable freedom In choosing a suit ably low 
aspect ratio for the tunnel, because the input beam divergence angle may be readily increased with a lens 
to accommodate a reasonably low aspect ratio tunnel, the actual coherence length of a laser beam Is 
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determined by the type of laser source and cannot readily be changed without changing the laser source, it 
has been found, however, that a suitably constructed and positioned retardation plate (and/or lens 
aberrations, to a limited extent) may be used to effectivelv reduce the coherence length of the laser fight 
seen by a light tunnel (f.e. r to reduce the effective coherence length of the laser beam). The retardation 

5 plate (and/or aberrated lenses) furthermore may be suitably positioned on either side of the tunnel - 
(depending upon the optical system configuration) and still reduce the effective or equivalent coherence 
length of the laser light being homogenized by the light tunnel. 

This dependence of the m.inimum acceptable aspect ratio upon the beam divergence angle of the input 
beam as well as the discovered simultaneous dependence of the minimum acceptable width for the Tight 

to tunnel upon both the chosen aspect ratio of the fight tunnel and the effective coherence length of the laser 
light may explain why heretofore all known prior attempts to use a light tunnel to homogenize a laser beam 
have been unsuccessful due to light interference effects. Apparently, either the aspect ratio or the width of 
the tunnel (or both) has always been too small, probably because either the effective coherence length of 
the chosen laser light has been too long or because the beam divergence angle of the input beam has been 

is too small (or both)l 

It has been determined that when the cross-section of the tunnel is a polygon (as preferred) and the 
sides of the tunnel are ail parallel to the axis of the tunnel (as preferred), the minimum required aspect ratio 
Roan for the light tunnef Is equal to the cotangent of frie input beam divergence angle 0: 
Rmin = Cot e 

20 where e is the angle between the optical axis and thB least divergent marginal ray of the input beam 
accepted by the tunnel. 

The chosen aspect ratio R for the light tunnel (which is preferably 1.5 or 2.5 times Rmin) along with the 
effective coherence length Uwh of the laser fight being homogenized determine the minimum width W ^ f or 
the light tunnel in accordance with the following formula: 

25 

W mtn = L^(R + (1 + R 1 ) 1i2 ) > 2RLcoh. 

Rare gas halide excimer lasers emit ultraviolet laser light which aJ ready has a relatively short coherence 
length. Therefore, the fight from an excimer laser can be easily transformed in accordance with this 
3a invention into bright ultraviolet illumination for use in microcircurt lithography. Lasers having a much longer 
coherence length require a fight tunnel with more extreme geometry, which may not be practical in many 
cases, and/or the use of one or more retardation plates or tens aberrations to reduce the effective 
coherence length of the light seen by the light tunnel. Even with the use of one or more retardation plates 
and lens aberrations, the fight tunnel geometry may still be too extreme to be practical for homogenizing 
35 laser light having a very long coherence length, i. ' 

Embodiments of the invention are now described with reference to the drawings, in which: 

RG. 1 is a schematic view of an illustrative embodiment of this invention in which the light tunnel 
geometry is such that exactly 9 apparent sources are completely formed. 

Rg. 2 shows the array of 9 sources apparently formed by the embodiment of RG. 1 . 
40 RG. 3 is a cross-sectional view of the input beam for the RG. 1 embodiment with the region 

corresponding to each of the 9 apparent sources being Identified and labelled with a distinct letter. 
RG. 4 is a view of the exit face of the fight tunnel with the distinct letter labels shown. 
RG. 5 is a schematic view of the same embodiment shown in RG. 1 except that the length of the 
light tunnel has been doubled so that exactly 25 apparent sources are completely formed. 
45 RG. 6 shows the array of 25 sources apparently formed by the RG. 5 embodiment 

RG. 7 shows a cross^sectlonal view of the input beam for the RG. 5 embodiment with the region 
corresponding to each of the 25 apparent sources being identified. 

RG. 8 Is a schematic view of the minimum acceptable geometry for a light tunnel with parallel sides 
and a square cross-section when the input beam divergence angle is about 26-6 degrees and the effective 
so coherence length of the light Is I©. 

RG. 9 is a schematic view of the same configuration shown in RG. 8 except that the width and 
length of the tunnel are only half as large. 

RG. 10 is a schematic view of the same configuration shown In RG. 9 except that the tunnel Is three 
and a half times longer than in RG. 9. 
55 RG. 11 Is a schematic view of the minimum acceptable geometry for a light tunnel with parallel sides 

and a square cross-section when the Input beam divergence angle is about 26.6 degrees, the effective 
coherence length of the fight is I© and the chosen aspect ratio is 7. 
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RG. 12 is a perspective view of a retardation plate useful in reducing the effective coherence length 
of the light seen by a fight tunnel when the chosen geometry creates a square array of 25 virtuaJ sources as 
in the embodiment illustrated in FIGS. 5-7. 

RG. 13 schematically represents the retardation plate shown in RG. 12 with the materia] heights 
5 identified in units of a step height h 0 . 

RG. 14 illustrates the use of this invention as the light source for an application positioned at the light 
tunnel exit face. 

RG. 15 illustrates another use of this invention as the light source for a remote application where the 
uniform illumination is imaged onto a remote plane. 
70 RG. 16 shows the RG. 15 embodiment where the exit face of the fight, tunnel is telecentrically 

Imaged onto the remote plane. 

RG. 17 illustrates still another use of this invention as the light source for a projection printing 
application. 

RG. 1 illustrates the principles of this invention. A typical laser 10 generates a beam 12 which diverges 

15 very little (i.e., the angle between the marginal rays in the beam and the axis of the beam is very smail). For 
purpose of illustration, It will be assumed that the laser in RG. 1 generates a round coifimatBd laser beam 
12 (beam divergence angle = 0). In order for the light tunnel to have a reasonable geometry (i.e., 
dimensions), the input laser beam to the light tunnel should have a significant beam divergence angle - 
(herein defined as the angle between the least divergent marginal ray in the light tunnel and the beam axis). 

20 Accordingly, lens 14 focuses the laser beam 12 onto focal point So, which defines a focal plane 16 
perpendicular to the optical axis 18 of the laser beam and creates a diverging laser beam 20 with a 
significant beam divergence angle e. A defocussing lens could be used in place of the focussing lens, in 
which case a virtual focal point would be defined thereby in place of the real focal point A square light 
tunnel 22 receives most of the diverging laser light 20. 

25 For ease of understanding, the illustrated light tunnel has been positioned such that the entrance edges 
24 form a square aperture which limits the entering light to a square cross-section and defines the marginal 
rays 25 of the light in the tunnel. If the fight tunnel 22 instead were extended to plane 16, all of the fight in 
beam 20 would have been received by the light tunnel so that the marginal rays in the light tunnel and the 
marginal (or outside peripheral) rays of the beam 20 would be the same. As described in further detail later, 

30 the length L of the tunnel is defined herein for convenience as a length extending all the way to the focal 
plane 16, even when the physical length of the tunnel Is less, as shown in RG. 1. This Is done because a 
tunnel extending all the way to the focal plane is optically equivalent to a tunnel which extends forward 
toward the source even farther or one which does not extend even to the focal plane, so long as the 
marginal rays in the light tunnel are not changed thereby. 

ss In RG. 1, the light tunnel entrance acts as a square aperture stop, but this function can be 
accomplished very well instead by physically placing a square aperture stop between the lens 14 and the 
laser 10 to form an Input laser beam having a square cross section. If the marginal rays are defined ahead 
of the tunnel (or if those rays outside of a predefined region are simply ignored), the tunnel can be 
extended farther back towards the lens 14 without causing any optical change at all. Because this is 

40 generally true, length measurements for a tunnel will always be considered herein to be measured to the 
focal plane 16. 

The beam divergence angle 6 is defined as the angle between the axis 18 and the least divergent 
marginal ray in the light tunnel. Actually, there is a least divergent marginal ray with respect to each of the 
reflective sides of the tunnel and the minimum geometric requirements for the tunnel need to be satisfied 

45 individually for each of the reflective sides' of the tunnel. For convenience of illustration and ease of 
understanding, however, only symmetrical systems with light tunnels having parallel sides and polygonal 
cross-sections will be described In detail. Nevertheless, asymmetrical systems are also contemplated and 
will be briefly discussed later. With the illustrated square tunnel coaxial with axis 1 8, the least divergent 
marginal ray striking each reflective side of the tunnel strikes the inside front edge of each side at the 

so midpoint of the reflective side, and the beam divergence angle is the same with respect to each of the 
sides. RG. 1 is a cross-sectional view through the center of sides 28 and 32, thereby showing two of these 
least divergent marginal rays 25. 

The Illustrated fight tunnel has a length and- width such that the diverging Isser light portion 26 reflected 
from the top side 28 and the diverging laser light portion 30 reflected from the bottom side 32 each exactly 

55 fills the exit face 34 of the light tunnel. Central portion 36 of the diverging laser fight passes through the 
tunnel without any reflection, while the peripheral portions 26 and 30 are reflected. 
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Since the rays in each of the reflected portions of the light are still diverging after reflection, the 
reflected rays may be extended backwards, as shown by the broken lines 36 and 38, to define virtual focal 
points or virtual light sources S, and Si respectively. Actually, two more virtual focal points or sources S, 
and S« are formed by the light which is reflected once from the left and right sides (not shown) of the light 

s tunnel and four additional virtual focal points or sources S, through S« are formed by light which makes a 
reflection from each of two adjacent sides at each of the four comers of the tunnel. 

Fig. 2 is a plan view of the focal plane 16 showing the array of apparent light sources (i.e., real light 
source S B and virtual light sources S, through S. ) produced by the light tunnel of FIG. 1 . RG. 3 is a cross- 
sectional view of the colli mated laser beam 12 identifying the separate regions of the laser beam 12 which 

to correspond to each of the nine apparent sources identified in FIG. 2. In FIG. 3, the square cross-sectional 
area of the beam which forms each of the sources is labelled with the same label as the corresponding 
apparent source is labelled in RG. 2. The portions 40 of the collimated laser beam 12 which are outside the 
regions corresponding to the apparent sources So through S, do not get through the square limiting aperture 
defined by the square input face of the tunnel. 

is All nine apparent sources S 0 -S« illuminate and completely fill the exit face 34 of the light tunnel. Another 
way of viewing this is that all nine of the separate portions So-S, of the collimated beam become 
superposed at the exit face 34 of the light tunnel. The separate portions are in effect folded over common 
edges until all are superposed over the central portion. In RG. 3, a spot in each of the nine portions of the 
collimated beam has been additionally labelled with a distinct letter symbol A through I. In FIG. 4, the output 

to face of the tunnel is illustrated with the same letter symbols shown in corresponding position, orientation 
and size. Homogenization of the laser beam occurs as a result of this partitioning of the input light beam 
into a plurality of parts (each corresponding to one of the apparent light sources in the array) and 
superposition of the parts at the exit face of the light tunnel. 

FIG. 5 illustrates what happens when the light tunnel fn RG. 1 is Increased in length (as measured to 

25 focal plane 16) by two-thirds (i.e., 5/3 times the length of the RG. 1 tunnel). In addition to the central portion 
38, which passes through the tunnel without any reflection, and an upper portion 26 and lower portion 30, 
_ which pass through with one reflection, there is an additional upper portion 42 and tower portion 44, which 
pass through the tunnel with a reflection from both the top and bottom sides. These additional doubly 
reflected portions define additional focal points or apparent sources S, and S„. Actually, sixteen additional 

30 virtual (or apparent) sources are formed as a result of additional reflections- RG. 6 Is a plan view of the 
focal plane 16 in RG. 5 showing the full array of 25 apparent sources formed by the light tunnel in RG. 5. 

RGL 7 is a cross-sectional view of the collimated laser beam 12 identifying the separate regions of the 
laser beam which correspond to each of the apparent sources shown in RG. G- 

tt should be apparent from comparing RG. 1 wrth'RG. 5 that the length of a light tunnel in these 

3S embodiments did not affect the beam divergence angle of the output light Since the input beam divergence 
angle is the same in both RG, 1 and RG. 5, the output beam divergence angle of both Is also the same. 
The input and output beam divergence angles are equal to each other in both cases because the light 
tunnels are parallel light tunnels (i.e.. the sides of the light tunnels a/e all parallel to the common axis 18). rf 
a diverging or converging light tunnel were used instead, the output beam divergence angle would be less 

40 or more respectively than the input beam divergence angle. Although this invention contemplates the 
possibility that a diverging or converging light tunnel could be used instead of a parallel light tunnel, it is not 
•apparent that any practical advantage can stem from deliberately using a diverging or converging light 
tunnel. It would seem that any conversion of NA that the non-parallel tunnel might perform could be more 
easily implemented by the lens or lenses in the system. 

45 The fight tunnels in RGS. 1 and 5 both have a square cross-section. Other configurations are also 
contemplated. A light tunnel with three reflective sides could be used in place of any of the four sided 
tunnels illustrated, which would obviously change the array of apparent sources formed thereby. Any larger 
number of reflective sides could also be used instead, such as a six or eight sided light tunneL Although 
cross-sections which are regular polygons (i.e., all' sides of the polygon and all of the included angles are 

5a equal to each other) are preferred, other cross-sections are also possible so long as each reflective side 
individually satisfies the corresponding minimum geometric conditions (i.e., minimum aspect ratio and 
width). 

The Trght tunnels are illustrated as hollow structures with reflective Interior flat surfaces. Alternatively it is 
possible to form a Tight tunnel from a solid transparent material with possibly a coating being applied on the 
ss outside of the flat sides, if needed, to make them internally reflective. 
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It should be apparent that the beam divergence angle of the light entering the tunnel aJong with the 
aspect ratio (length divided by width) of the tunnel determines how many bounces the marginal rays will 
make before they exit the tunnel. The number of bounces of the marginal rays along with the number of 
tunnel sides determines the number and configuration of the apparent sources. Ideally the geometry should 

s be arranged so that each of the apparent sources are formed with light that completely fills the exit of the 
tunnel. As illustrated in RG. 4 however, the subdivided laser light parts are effectively folded over each 
other, so that partial apparent sources (those which do not completely fill the exit of the tunnel, 
corresponding to input beam portions which are only partiy filled with light or which are only partly received 
by the tunnel input aperture) tend to compensate for each .other and thus are acceptable. 

io Fig. 8 illustrates a light tunnel configuration where the tunnel aspect ratio R = LAV is as small as 
possible for a particular beam divergence angle 0. In order to assure that intensity uniformity is achieved, it 
has been determined that with respect to each reflective side, the marginal ray which Is directiy reflected - 
(i.e. with only one reflection) through the central axis of the light tunnel must pass through this axis within 
the. light tunnel. The minimum acceptable geometry is where the marginal ray which passes through the 

75 tunnel axis with only one reflection at a point furthermost along the tunnel axis does so at the exit of the 
tunnel. In a symmetrical system, each of the marginal rays which pass through the tunnel axis after only 
one reflection will pass through this axis at the same common point The minimum aspect ratio for a 
symmetrical system thus Is where this common point Is at the exit of the tunnel. This configuration is shown 
in RG. 8. 

2D At the minimum aspect ratio the first order virtual source formed by each reflective surface is only 
partly formed and only partiy fills the exit face of the tunnel. This is acceptable only because each of the 
reflective sides partly fills different portions of the exit face, which thereby tends to average away Intensity 
variations. The minimum aspect ratio is Illustrated in RG. & A more preferred aspect ratio, however, is 
about 50 percent larger (corresponding with a square cross section to 9 substantially completely formed 

25 apparent sources) or about 150 percent larger (corresponding with a square cross section to 25 substan- 
tially completely formed apparent sources). 

The aspect* ratio R of the light tunnel Is defined as the equivalent length L of the tunnel divided by the 
equivalent width A of the tunnel, where the equivalent length L Is defined as the distance along the optical 
axis between the focal point of the diverging input beam and the light tunnel exit 34 and the equivalent 

30 width W is defined as twice the minimum distance between the pertinent reflective side of the tunnel (any 
reflective side, when the system is symetrical) and the central axis thereof. When the light tunnel has an 
Invariant cross-section which is a regular polygon with an even number of sides, this equivalent width W is 
the distance between any two opposing reflective sides of the tunnel. At the minimum aspect ratio R ^.i™ at 
least one (and in the case of a symmetrical system all) of the least divergent marginal rays reaches the 

os optical axis at the exit face (as illustrated in FIG. 8). The minimum aspect ratio R mln (see FIG. 8) thus Is 
equal to the cotangent of the beam divergence angle 0: 

R m » n = cot e Equation 1, 

40 where 9 is the angle between the optical axis and the least divergent marginal ray reflected by the pertinent 
side of the tunnel (any side in the case of a symmetrical system). Conversely, the minimum beam 
divergence angle is equal to the arccotangent of the selected aspect ratio R: 

ffmin = arc cot R Equation 2. 

45 

So long as the marginal ray directiy reflected across the tunnel axis at the furthermost position along 
the tunnel axis Is not changed thereby, any material length added to or taken away from the tunnel at the 
entrance face makes no significant difference at all. In RG. 8, this is illustrated by the phantom portion 46 of 
the light tunnel, any portion or all of which may be added or removed without any significant effect 

so Although the length L of the tunnel is defined as the distance along the optical axis from the tunnel exit to 
the focal plane 16, the actual length of the physical material of the tunnel Umay be shorter (i.e., It need not 
actually extend to the focal plane) since some portion 46 always is not actually needed to receive and 
reflect any light As further shown in RG. 8. it is possible to define the marginal rays with an aperture 48. 
Even when the aspect ratio and beam divergence angle re sufficient to form an array of apparent 

55 sources which are superposed at the tunnel exit, a minimum width W mto is still required to assure that 
interference effects are not encountered. The minimum required width W m h, is a function of both the 
chosen aspect ratio R and the effective coherence length Lch of the laser right being homogenized by the 
light tunnel. More specifically, the actual width W must be equal to or greater than the effective coherence 
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length of the laser light being homogenized times the sum of the chosen aspect ratio and the square 
root of the quantity 1 plus the chosen aspect ratio squared, on 

W mjn = L^P + (1 + RV 2 ) Equation 3. 

The following Table correlates various values for the spect ratio Ft with the minimum beam divergence 
angle 0 m i„required for that aspect ratio, as defined in Equation 2, and the minimum width required in 
terms of the effective coherence length Lcoh. as defined in Equation 3: 

70 

TABIiE 

8 . (in degrees) 
nun 

45.0 
33.7 
26.6 
21.0 
18.4 
15.9 
14.0 
11.3 
9.5 
8.1 
7.1 
6.3 
5.7 

35 * 

As shown by this Table, the minimum acceptable width for the tunnel (at reasonable values for the 
beam divergence angle 0, which preferably is about 1.5 to 2.5 times fl mfal ) is only slightly more than twice 
the aspect ratio times the effective coherence length of the light thus; 

40 

Wjnh, > ZRLcrf, Equation 4, and 
Wmfc^ZRL^h Equations. 

.- Thus for practical geometries, a convenient rule of thumb Is that the width of the tunnel must be no toss 
45 than twice the aspect ratio times the effective coherence length of the light being homogenized by the light 
tunnel. It should be obvious that a very high aspect ratio will result in a minimum acceptable width which is 
also very large unless the effective coherence length of the light being homogenized is very small. This 
virtually precludes the use of optical fiber type geometries unless the effective coherence length of the laser 
fight is essentially zero. 

so In FIG. 9, the tunnel length L in FIG. 8 has been reduced by one half without any change in the aspect 
ratio R (which Is shown equal to 2), because the width W has been reduced by one half also. A comparison 
of FIGS. 8 and 9 will show that the aspect ratio R = L/W of each is the same (R = 2). Thus, the light 
tunnels In FIGS. 8 and 9 both form an array of virtual sources which are similar (i.e., identical except for a 
scaling or magnification factor, which Is two in this case). The virtual sources formed by the FIG. 8 tunnel 

55 are spaced from each other by twice as much as the spacing between the virtual sources formed by the 
RG. 9 tunnel, K it is assumed, however, that the minimum width In accordance with Equation 3 is W 0 - 





R 


W . 
nun 


75 


1.0 


2.41 


L coh 




1.5 


3.36 


L coh 




2.0 


4.24 


■^coh 


20 


2.5 


5.19 


L coh 




3.0 


6.16 


L coh 




3.5 


7.14 


L coh 


25 


4.0 
5.0 


8.12 
10.10 


L coh 
L coh 




6.0 


12.08 


^coh 




7.0 


14.07 


L , 
coh. 


30 


8.0 


16.06 


L coh 




9.0 


18.06 


L coh. 




10.0 
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(W min = 4.24l 0 = W m whan Uco h = l 0 and R = 2 as in RG. 8), then the tunnel configuration in FIG. 9 will 
not be sufficient to avoid intensity variations due to Interferences, even though the aspect ratio is the same 
as in FIG. 8, because the width is too small. At an intuitive level, this happens because the virtual sources 
have been moved closer together. 
s In FIG. 10, the tunnel length of the FIG. 9 tunnel has been increased by -250 percent to a length 75 
percent larger than the length of the RG. 8 tunnel (i.e., L « 3.5W J without changing the width W = Wp/2. 
As a result, the aspect ratio has been Increased from 2 (RGS. 8 & 9) to 7 (RG. 10). The RG. 10 tunnel 
therefore forms a larger number of virtual sources (i.e., an array of 49 fully formed virtual sources). If it is 
assumed, however, that the effective coherence length of the light has not changed, this geometry also is 

70 not sufficient to avoid optical interferences even though the length of the tunnel is much larger than In FIG. 
8. In fact the FIG. 10 configuration is even worse from an interference viewpoint than the RG. 9 
configuration because the aspect ratio in RG. 10 is much larger, which results In a much larger minimum 
acceptable width W mIn (see Equations 3-5). In order to still avoid optical interferences when the aspect ratio 
is increased from 2 to 7 (without any change in l^,) requires that the width also be increased 

75 approximately by the same ratio (i.e., by a factor of about 3.5). This means that In order to increase the 
aspect ratio of the RG. 8 tunnel (which was assumed to have the minimum aspect ratio arid width), the 
actual equivalent length of the tunnel must be Increased by about the square of this change in the aspect 
ratio to more than 10 times the length in FIG. 8. 

In RG. 1 1 , the smallest tunnel Is illustrated which has an aspect ratio of 7 and produces illumination 

20 with no significant intensity variation (to the same scale as shown in FIG. 8) when the effective coherence 
length Lo^is the same- as in FIG. 8. The length of the tunnel Is so great that a portion has been removed 
from the center for convenience in illustrating this tunnel. It should be apparent that the minimum geometry 
of the tunnel (both width and length) increases very rapidly as the aspect ratio and the resulting number of 
apparent sources is increased. 

25 Each ray from each of the apparent sources being formed travels a distinct path to the plane where 
intensity uniformity is desired (hereinafter called the illumination plane). Each of these individual paths has a 
path length and the Individual path lengths vary. At each point in the illumination plane, rays from different 
apparent sources become superposed. In order to avoid an interference effect at any particular point in the 
illumination. plane, It Is necessary that each of the rays being superposed at that point (one ray coming from 

so each apparent source, in general) travel a different path length and these path lengths must be different 
from one another by at least the effective coherence length of the Rgrrt In order to avoid interference effects 
over the whole illumination plane this condition must be met simultaneously at each point in the Illumination 
plane! Equation 3 defines what is required in tunnel width as a function of aspect ratio and effective 
coherence length for this to be accomplished. The aspect ratio can be reduced only within reason, because 

35 as the aspect ratio decreases, the minimum required beam divergence angle increases, as shown in the 
Table and by Equation 2. The physical size of available optical elements thus limits the range of effective 
coherence lengths which can be handled by a practical light tunnel, ft is estimated that probably the largest 
effective coherence length which is practical to work with if there are any output optical lenses is probably 
less than a tenth of a meter. 

40 Fortunately, It Is possible to effectively reduce the coherence length of the ilght being seen by the fight 
tunnel so as to permit laser light sources to be homogenized with a light tunnel even when the laser source 
has a relatively large coherence length. This is possible because there are locations (at least one and often 
several) In the typical illumination system constructed in accordance with this invention where the light 
corresponding to each individual apparent source is physically separate and distinct from (i.e., substantially 

45 not overlapping in the physical space occupied) the light corresponding to the other apparent sources. At 
any of these locations, the path lengths for all of the light corresponding to a virtual source can be 
effectively changed with respect to the other apparent sources by Inserting a different optical material at 
that location so that ail of the fight corresponding to that virtual source travels either faster or slower than 
otherwise while it goes through this different material, thus altering the effective path length for the light 

so corresponding to that apparent source. % 

One location where such a retardation plate can be positioned is at the input before there Is any mixing 
of the light bundles which ultimately form separate virtual sources. A very convenient position where this 
occurs in a system such as is shown In RGS. 1 or 5 is anywhere between the lens 14 and the laser 10. A 
view of the cross-section of the laser beam at this position is shown in RGS. 3 and 7 respectively. As 

55 shown In RGS. 3 or 7, the square bundle of light corresponding to virtual source S„ (or any other particular 
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virtual source) is separate and distinct from the square light bundles corresponding to each of the other 
virtual sources. Furthermore, when the light beam is not diverging, such as at this location in the 
illustrations, the square bundle of rays corresponding to each virtual source has a substantially constant 
cross-section over a significant distance (i.e., over the whole distance from the laser to the lens). 

s FIG. 12 illustrates a retardation plate which may be used to effectively reduce the coherence length 
when there are 25 apparent sources in a square array, such as is produced with a square cross-section 
tunnel of suitable aspect ratio as is illustrated in FIG. 5. The retardation plate has 25 square regions, each 
corresponding in size, orientation and position with a square light bundle that forms one virtual source. Each 
of the square regions is furthermore labelled with the. virtual source label S c through S* to which it 

to corresponds in FIGS. 5, 6 and 7. The retardation plate is sized, oriented and positioned between the lens 14 
and laser 10 such that the light bundle corresponding to each of the virtual sources illustrated in FIG. 7 
passes through a corresponding square region in FIGL 12- Each of the 25 square regions In the retardation 
plate has a height or thickness h which is different from all of its neighbors by an amount no less than h^. 
This can be done when there are 25 square regions by using heights of zero, ho, 2ho, 3ho, and 4h 0 as 

75 shown by example in FIG. 12. The thicknesses (in units of h 0 ) of the 25 regions in the plate (labelled S 0 
through S*) are also shown in FIG. 13. Each of these regions changes the path length for the Cght of the 
corresponding virtual source (which passes through that region) by an amount proportional to the thickness 
h: Only adjacent virtual sources need to be considered because the path length difference between those 
virtual sources which are even farther apart already have an even greater path length difference. 

zo The amount of path length change introduced by the material in the retardation plate depends upon the 
refractive index n of the material of the plate. In order to reduce the actual coherence length U of the light 
by an amount A requires that the step size ho in the retardation plate be A/(n-U R Is possible in some 
situations to actually reduce the coherence length seen by the light tunnel to zero. A retardation plate with a 
step height h* which Is equal to the actual coherence length U of the laser light divided by n-1 would 

25 accomplish this. For a very large actual coherence length U, however, this is not practical because the step 
height would become so great that even if the geometry, were not impractical, the optical toss sustained by 
inserting such a thick retardation plate would be unacceptable- Since the path lengths for a virtual source 
are changed with respect to another virtual source whenever there is a difference in propagation distance 
for each through a particular material, some variation in path length Is introduced also by optical tenses and 

30 can be exploited to some limited extent to reduce the effective coherence length of the light seen by the 
light tunneL 

FIG. 14 illustrates one lithography configuration In which this invention may be used. In this configura- 
tion, the illuminated plane 50 where intensity uniformity is desired corresponds approximately with the exit 
face of the tunnel rtserf. A pattern mask 52 in the Illumination plane 50 is in contact with or in the proximity 

35 of a wafer 54 coated wfth a light sensitive layer (not shown). 

Another lithography configuration in which this invention may be used is shown in FIG. 15. In this 
configuration the plane 50 to be uniformly Illuminated has been moved away from the exit face of the tunnel 
by a lens 56. A pupil 58 optionally may be used. Again a pattern mask 52 in the illumination plane 50 Is in 
contact with or in the proximity of a wafer 54 coated with a light sensitive layer (not shown). 

40 RG. 16 Illustrates still another configuration, which is the same as the FIG. 15 configuration except fltat 
an additional lens 60 has been added to make the illumination incident upon the mask 52 at a more uniform 
angle. 

FIG. 17 shows a projection lithography system In which the present invention Is being used. In this 
configuration, the wafer 54 has been moved away from the mask 52. Lens 62 images the mask 52 upon 

45 wafer 54. A pupil 64 is also schematically shown. The plan© 50 at which uniform illumination is desired 
again is at the mask plane. 

While a retardation plate may be positioned in front of the tunnel in each of the configurations shown In 
FIGS. 14 through 17 (i.e. in front of lens 14 or behind it with suitable changes in the geometry of the 
retardation plate), ft is also possible to position a retardation plate at any other position in the optical system 

50 where the virtual sources are suitably separate and distinct in position from one another. This occurs at any 
plane where the virtual sources are imaged. In FIGS. 15, 16 and 17, the virtual sources are imaged at the 
pupil 58 and in RG. 1 7 also at the pupil 64. In fact pupils typically are also deliberately positioned In planes 
where the sources (or apparent sources in this case), are imaged. If both cannot be positioned at the same 
plane, either the pupil or the retardation plate can be moved away a little without seriously affecting the 

ss results. 
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Many modifications and variations of our Invention will be apparent to those of ordinary skill in this field 
and may be made without departing from the spirit and scope of our Invention as defined by the following 
claims. For example, the Input beam and/or the light tunnel may be asymmetric. In a symmetrical system, 
the angle between the ; tunnel axis and the least divergent marginal ray striking each of the reflective sides is 

5 the same for each of the sides. When the input beam is asymetricai or the accepted portion of the beam is 
asymmetrical, the beam divergence angle seen by each reflective side of the tunnel might be different As 
would be apparent to those skilled in this art, the-beam divergence angle seen by each individual reflective 
side determines what the minimum aspect ratio must be with respect to that individual side. It would 
furthermore be apparent that if the sides of the tunnel have different aspect ratios, the effective minimum 

to width required for each of the sides (i.e., twice the minimum distance between that side and the tunnel 
axis) will aiso vary. It is possible for asymmetry in the input beam divergence angle to be compensated for 
by an asymmetry In the tunnel cross-section, even possibly to the point where the effective aspect ratio of 
all sides could be equal even in an asymmetric system. When the various sides in an asymmetric system 
require different minimum widths, it is obviously possible to simultaneously satisfy ail of the minimum width 

T5 conditions by scaling the tunnel geometry up until the minimum effective width with respect to ail sides is 
satisfied. 



Claims 

20 

1. Apparatus for uniformly illuminating a plane with light from a coherent laser source (10), comprising: 

means (14) forming a diverging laser light beam, the light in said beam having a coherence length U and 
having possibly a non-uniform spatial intensity distribution; 

a light tunnel (22) receiving said diverging laser beam, said light tunnel having flat internally reflective sides 
forming an array of apparent laser light sources, the light from each apparent source in said array being 
superposed by said light tunnel at the exit of said light tunnel, each individual light ray from each apparent 
source following a distinct light path to an illumination plane, each of said distinct fight paths having an 
90 individual path length; and 

means providing a minimum difference between the individual path lengths of any two rays coincident at 
said illumination plane and arising from adjacent apparent sources in said array, said minimum path length 
difference being equal to or greater than the coherence length U of said laser beam. 

2. Apparatus as defined in Claim 1 wherein said diverging laser beam defines an optical axis and said 
light tunnel fiat reflective sides are all parallel to said optical axis. 

3. Apparatus as defined in Claim 2 wherein said light tunnel has an aspect ratio R equal to or exceeding 
cot ff. where $ is the beam angle of said diverging laser beam and R is the distance, between the focal point 
defined by said diverging laser beam and the exit of said light tunnel divided by the width of said light 
tunnel. 

4. Apparatus as. defined in Claim 2 or 3 wherein said minimum path length difference providing means 
comprises a minimum width dimension W for said light tunnel. 

5. Apparatus as defined In Claim 4 wherein said minimum width dimension W is equal to LconCOsG/O- 
cose), where e is the beam angle of said diverging laser beam and is the effective coherence length of 
the light in said beam. 

6. Apparatus as defined in claim 4 wherein said minimum width dimension W of said light tunnel is no 
less than twice said aspect ratio R times said effective coherence length l**. 

7. Apparatus as defined in claim 6 wherein said minimum width dimension W is no less than the 
effective coherence length times the sum of the aspect ratio R and the square root of the quantity 1 
plus the aspect ratio R squared. 

8. Apparatus as defined In any of the claims 1 -7 wherein said minimum path length difference providing 
means comprises a retardation plate (Fig. 12) positioned at a plane where the light rays corresponding to 
each distinct apparent source are spatially distinct from each other, distinct spatial regions of said plate 
corresponding uniquely with each separate apparent source, said distinct spatial regions -of said plate 
providing different amounts of retardation for the rays of each adjacent apparent light source. 

9. Apparatus of any of the claims 1 -8 wherein a lens (14) is positioned near the entry of said light 
tunnel. 
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10. Use of the apparatus of any of the claims 1 -9 in a photolithographic exposure system with 
excimer laser as a light source. 
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